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Introduction
The identification of metastable ionic species in or-
ganic molecules has been a topic of some scientific in-
terest in the past several decades, particularly as a tool 
for analyzing gaseous samples [1, 2]. These long-liv-
ing states of ionized molecules were readily studied in 
conjunction with laser ionization processes that span 
the picosecond-to-microsecond range, particularly us-
ing (1 + 1) resonance-enhanced multiphoton ionization 
(REMPI) [3–6]. These efforts have centered around de-
veloping an alternate setup of a reflectron-type time-of-
flight (TOF) mass spectrometer to identify metastable ef-
fects [7–12]. The analysis of these species in a reflectron 
TOF spectrometer, even in the acceleration region [13], 
is thorough and well-documented, as is similar analyt-
ical work involving other configurations of mass spec-
trometers [14–16]. While similar effects have also been 
observed in excited ionic states of molecules ionized on 
the ultrafast time scale [17, 18], little experimental work 
has been done in modeling or categorizing such meta-
stable species, though the electronic spectra [19] and 
VUV ionization [20] have been well-documented.
The lack of continuation of this research into the fem-
tosecond regime is unfortunate, because faster time 
scale (and thus higher intensity) processes offer a much 
greater flexibility in the investigation of metastables. 
For example, nanosecond laser pulses with small elec-
tric fields must be tuned to match a resonance to take 
advantage of REMPI ionization; ultrashort pulses have 
a greater frequency bandwidth, as a direct consequence 
of the time-energy uncertainty relation, which makes 
the resonance condition more flexible. In addition, high-
field lasers can force a resonance in a given molecule 
[21] through a so-called “dynamic resonance” [22], al-
lowing identical pulses to access resonances in many 
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Abstract
We report on the fragmentation of ionized pyridine (C5H5N) molecules by focused 50 fs, 800 nm laser pulses. 
Such ionization produces several metastable ionic states that fragment within the field-free drift region of a re-
flectron-type time of flight mass spectrometer, with one particular metastable dissociation being the leading frag-
mentation process. Because the time of flight is no longer dependent in a simple way on the mass of the ion, 
the metastable decay is manifested as an unfocused peak on the mass spectrum that appears at a time of 
flight not corresponding to an integer mass. A previously-developed method is used to identify the precursor 
and final masses of these ions. The metastable process that creates the most prevalent peak is shown to be 
C5H5N
+ → C4H 4 
+ + HCN. Simulations confirm this result and place restrictions on the processes for several 
other observed metastable reactions. 
Keywords: Metastable, ultrafast, pyridine, intense fields, fragmentation, ionization, time of flight, reflectron
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different molecules. Because of this, metastable features 
previously hidden can be studied through femtosecond 
ionization.
In a typical molecular fragmentation event, decay oc-
curs quickly such that the travel as the molecular parent 
species is negligible, and the TOF is determined entirely 
by the properties (mass and charge) of the daughter ion. 
In the event of a very long-living ionic species, which 
survives into the drift region of a mass spectrometer, 
one must consider the dependence on the parent ion’s 
drift velocity and the daughter ion’s mass, along with 
distributions of breakup distance and kinetic energy re-
lease (KER). Such a slow decay process is indicated by 
a broad, symmetric feature in the TOF spectrum that 
lands at a total TOF corresponding to no ratio of inte-
ger mass and charge. The mass difference will place the 
final observed peak at a total TOF greater than that of 
the daughter ion, but less than that of the parent ion. 
The KER will cause a broadening of this intermediary 
peak that cannot be resolved by the reflectron. We call 
this sort of dissociation metastable: in the context of the 
present experiment, a metastable process is one with a 
lifetime greater than ~80 ns (the time to enter the field-
free drift region).
Figure 1 shows an example of the most prominent 
broad feature in the TOF spectrum of pyridine (C5H5N). 
We have observed similar peaks in a number of other 
similarly-ionized molecules: 1,2-diazine, 1,3-diazine, 
1,4-diazine (all C4H4N2), phenol (C6H5OH), aniline 
(C6H5NH3), toluene (C6H5CH3), fluorobenzene (C6H5F), 
bromobenzene (C6H5Br), and iodobenzene (C6H5I). 
Unlike pyridine, however, the broad features in each of 
these molecules are insubstantial compared with their 
molecular parent peaks. Even more intriguing is the sys-
tematic nature that these unfocused peaks have; for ex-
ample, the three diazines all display a feature similar to 
that in pyridine, landing at the same TOF.
What makes pyridine a prime candidate to inves-
tigate is its relative propensity to undergo metastable 
fragmentation. The broad peak contains a comparable 
number of counts to the parent ion peak, which remains 
the dominant feature. As Figure 2 shows, the total ion 
yield as a function of intensity for the broad peak closely 
follows that of the molecular parent at high intensities, 
suggesting that the metastable fragmentation originates 
from the parent ion. The two curves do deviate at low 
intensities; this could be indicative of an intensity-de-
pendent population of a metastable excited ionic state. 
However, at present, no solid conclusions can be drawn 
in this regard. Pyridine was ionized with focused, 
high-intensity, 50 fs laser pulses at 800 nm, with (3 + 3) 
REMPI being the dominant ionization mechanism [23]. 
The data presented in Figure 2 differs from the REMPI 
experiment in that Figure 2 represents only 2-dimen-
sional spatial resolution; the REMPI signatures are not 
visible here, but this more accurately describes the com-
parative yields of the parent and metastable ions.
We assume that these broad peaks arise from the 
metastable dissociation of an ion (not necessarily the 
singly-ionized molecular parent) in the drift region of 
the TOF. Part and parcel with this assumption are four 
unknowns—the parent ion mass, the daughter ion mass, 
Figure 1. The focused TOF spectrum for pyridine (C5H5N). While all other peaks are confined to temporal regions less than 10 
ns wide, there is an unmistakable broad peak (~500 ns in full-width at half-maximum) landing at approximately 36 μs. Some sur-
rounding prompt ionic fragments are included for reference. The coincident focused peak, appearing on top of the unfocused 
peak, is due to a normally-produced ionic fragment, and is not related to the metastable feature.
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the dissociation lifetime, and the KER distribution. A 
method for obtaining information on such metastable 
dissociations in TOF mass spectrometers was presented 
in reference [3]. In the present work, this method of tun-
ing reflectron voltages to energy-select ions in the TOF 
is employed to identify dissociative products and pro-
pose metastable pathways for pyridine. Simulating the 
proposed dissociation is shown to produce similar re-
sults to those obtained experimentally. These methods 
still place no restrictions upon the lifetime of the decay, 
other than that it must be in a range such that most of 
the dissociations happen within the field-free drift re-
gion of the TOF.
Experimental
Materials and Equipment
All chemicals were purchased from Sigma-Aldrich 
(St. Louis, MO, USA) and used as purchased. Pyridine 
was purchased at 99.8% purity; all other chemicals were 
purchased at no less than 98% purity, with the excep-
tion of phenol, which was purchased in aqueous solu-
tion and dehydrated before use.
A Ti:sapphire amplified laser beam, which produces 
800 nm pulses of 50 fs duration at 1000 pulses per s was 
used. This corresponds to approximately 1.55 eV per pho-
ton. With ~2 mJ per pulse, the amplified beam can cre-
ate intensities of greater than 1015 W/cm2 when focused. 
A half-wave plate inside the amplifier allowed variable 
attenuation of the beam from ~1013 W/cm2 to the maxi-
mum intensity. For the purposes of this experiment, be-
tween 80 mW and 1.7 W of total power was used.
Time-of-Flight Mass Spectrometer
Figure 3 shows the experimental setup of the TOF 
mass spectrometer with relevant distances and voltages 
identified. The system is a standard reflectron-type TOF, 
and as such the spacings and potentials of the three 
meshes that constitute the reflecting region importantly 
affect the kinematics of the ion. In a typical experiment 
in our spectrometer, the middle mesh potential V2 is 
held at approximately 800 V, while the back mesh po-
tential V3 is held close to 1050 V. The distances d2 and 
d3 are 14.64 and 6.16 cm, respectively, so a larger retard-
ing force is applied to the ions in the first deceleration 
region. The laser pulses are focused into a low-pressure 
chamber which contains the target vapor at a pressure 
of ~10-7 mbar. This pressure was chosen to maximize to-
tal counts without introducing the distortions in data 
that excessive count rates and pressure effects can cre-
ate. The molecules that are ionized in the focus are ac-
celerated away from the repeller plate (held at Vr  = 1530 
V) toward the acceptance slit (dimensions 15 × 500 μm), 
which is grounded. It is accelerated to a velocity such 
that its kinetic energy is
T =
 d0  qVr       dr    
(1)
where dr is the distance from the repeller plate to the slit, 
and d0 is the distance from the point at which the ion 
was created to the slit. The acceleration of the ion in this 
region is
ar = 
 qVr
        drmi    
(2)
and the ion’s velocity at the moment it enters the drift 
region of the TOF (where V = 0) is
va =
 ( 2d0 qVr ) ½             drmi   (3)
Here, mi is the initial mass of the ion. After entering 
into the drift chamber, the ion breaks apart into (at least) 
two fragments via a metastable dissociation at some dis-
tance de (with the subscript denoting some “explosion” 
into fragments). Assuming the initial ion carries unit 
charge, only one of the fragments will likely be charged 
after the dissociation. This charged fragment will con-
tinue traveling at the pre-dissociation velocity (with 
some additional, comparatively small component due 
to KER in the dissociation), but have an altered, smaller 
mass. Therefore, the kinetic energy will be less than that 
of the parent. Because of this reduced kinetic energy, the 
fragments are turned around in the reflecting section of 
the TOF (between grids 1 and 3 as labeled in Figure 3) 
Figure 2. The total ionic yield as a function of laser intensity 
for singly-ionized pyridine (black squares) and the metastable 
state (red circles). The correspondence of total yield at high in-
tensity suggests that this metastable feature arises from the 
ionized parent. At low intensities, poor statistics inhibit rigor-
ous analysis of the data, but the metastable state clearly falls 
further under the parent ion. It is a hypothesis that the excited 
ionic state responsible for the metastable dissociations is only 
substantially populated at high intensities.
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differently than the parent ions and as such do not land 
at a ratio of integer m and z values in the mass spec-
trum. The exact formula for the TOF for the metastable 
fragments is stated in the Supplementary Material, and 
is used for modeling purposes. Also, if the final mass 
is sufficiently small, the daughter ions will be turned 
around in the first deceleration region (between meshes 
1 and 2), where there is a large potential difference over 
a small distance. When this happens, the TOF becomes 
a single-stage reflectron device for these ions, which is 
why it is unable to focus these metastable ions in time.
Let us state the assumptions taken in order to reach 
this point. First, it is assumed that the ion breaks apart 
in the first drift region (de < d1). Second, the angle at 
which the additional velocity is added to the trajectory 
must be sufficiently small that the ion still reaches the 
multichannel plate (3 cm diameter). This acceptance an-
gle will depend on the total TOF of the fragment. Third, 
it is assumed that the ion has sufficiently small kinetic 
energy to be turned around in the deceleration region.
The first assumption is taken as a hypothesis for the 
experiment. The first and second assumptions are ac-
counted for in the code used for modeling (see Sup-
plementary Material for details). For the third assump-
tion, to avoid being transmitted through grid 3 (and 
thus disappearing from the mass spectrum), the kinetic 
energy must be less than some cutoff voltage, which is 
determined by the potential of grid 3. Mathematically, 
we have for ions with kinetic energy
Te = ½ mf v2a =  
d0mf   qVr                         drmi
   (4)
For ions to be detected, qV3 must be greater than 
this kinetic energy. In fact, this condition can be used 
to identify the final masses of the daughter ions, as de-
scribed by reference [3].
By decreasing V3 until the daughter ions disappear 
from the TOF spectrum and using the relation
V3 =
 ( d0 ) ( mf  ) Vr           dr       mi           (5)
 
from equating the two expressions for energy, one can 
solve for the ratio mf /mi. In the present work we used 
this approach to investigate the nature of several of the 
metastable peaks in the pyridine mass spectrum.
The particular tuning of the middle voltage V2 in a re-
flectron TOF setup allows a spatial resolution of the la-
ser focus in the final mass spectrum, as described else-
where [24], and indeed this tuning of the spectrometer 
was where the broad peaks were first observed in our 
mass spectra. A retuning of this voltage allows this ef-
fect to be negated, creating a flat TOF dispersion curve 
Figure 3. TOF schematic. The ionic parent is created at a distance d0 from the acceptance slit (grounded). The acceleration is due to 
the field caused by VR over a distance dr. For metastable ions, it is assumed here that the dissociation occurs somewhere between 
the repeller and grid 1 (the field-free drift region). The distance at which this occurs is labeled de for modeling purposes. Upon reach-
ing the positive-voltage grids, the ion is decelerated and reflected back toward a multichannel plate, where it is detected.
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throughout the interaction region (“flat” here means 
temporally focused; the TOF is independent of the ini-
tial location of the ion in the focus). It is important to 
rule out the spatial resolution of reference [24] for the 
monotonically increasing case as being some unac-
counted source of the spreading of the observed fea-
tures. As such, data was taken on both time-focused and 
spatially-resolved tunings of the spectrometer to ob-
serve the effect of changing the voltage on the structure 
of each peak. As expected, the form of the wide feature 
did not change for different tunings.
Results and Discussion
Experimental Results
The cutoff voltage V3 was successively lowered un-
til all of the stable ions produced in the laser focus could 
no longer be reflected and thus escaped detection. Mea-
suring the extinction of the stable peaks as a function 
of V3 allowed the measurement of the initial position of 
the ions in the TOF chamber (the position of the focus) 
d0 = 1.993 ± 0.005 mm. As the cutoff potential was continu-
ally lowered, it became apparent that the main metastable 
peak observed in the original mass spectrum was in fact 
three separate features, closely spaced, as shown in Fig-
ure 4. By keeping the middle potential V2 proportional to 
V3 as it was when the normal ions were tuned, the meta-
stable peaks were similarly brought into sharp focus. Ob-
taining results on the KER distribution from this effect 
is described later in this section. The three peaks will be 
henceforth referred to by their numbering in Figure 5.
The extinction voltage for each peak is the voltage 
at which the ion yield per unit time for that peak is ex-
actly 50% of the full ion yield. These extinction voltages, 
and the corresponding mf /mi ratio as determined from 
Equation 5, are shown in Table 1. With the assumption 
that the parent ion lies somewhere in the parent or par-
ent-minus-hydrogen group (m/z = 78, 79, 80), the daugh-
ter ion falls somewhere in the C4Hn group. Specifically, 
if for (2), the dominant metastable feature, mi = 79 Da, 
then mf  ≅ 52 Da suggests the decay C5H5N+ → C4H 4 + 
+ HCN. This particular decay channel has been previ-
ously documented in pyridine and pyrazine [25, 26].
While it seems reasonable to assume that (2) comes 
from the parent ion given its abundance, (1) and (3) 
become more ambiguous. Either could come from a 
heavy parent molecular ion, C4H5N(13C)+, or potentially 
C5H4N+, which is photochemically similar to the ionic 
parent. Conclusive results from the experimentally-de-
termined mass ratios are not attainable, but simulations 
can help to determine the parent and final ion states, as 
is done in the Supplementary Material. (1) and (3) were 
shown by modeling to have likely come from mf   →  mi : 
80 → 53 Da and mf   →  mi : 78 → 51 Da, respectively. The 
conclusion for (1) can be further reinforced by looking 
at the ratio of total counts in (1) and (2). By considering 
Figure 4. Metastable peak evolution as a function of reflect-
ing voltage. As the potential V3 is decreased (with V2 decreas-
ing in proportion) from top to bottom, the single broad peak 
evolves into three distinct (tuned) peaks coming from three 
separate processes, and also migrates to a longer flight time.
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the natural abundances of isotopes of carbon and nitro-
gen, one can determine about 5.92% of pyridine mole-
cules should be one Da heavier. Direct measurement of 
the counts in (1) and (2) at Va = 776 yields the ratio (1)/
[(2) + (1)] = 0.060.
As these three features disappear (V3 drops below 
~670 V), three more diffuse peaks begin to become rec-
ognizable on the mass spectrum. As one continues to 
lower the cutoff potential, these peaks become simi-
larly focused. The decay voltages and corresponding mf 
/mi ratios for these three peaks [similarly labeled (4), (5), 
and (6)] are determined and also summarized in Table 1.
The mf /mi ratios suggest that (4) and (6) represent a 
C3Hn fragment after decaying from the molecular par-
ent; (5) would have to represent the molecular parent 
decaying to a fragment of mf  = 28 under this assump-
tion, which is the mass of no easily imaginable frag-
ment of pyridine. Furthermore, if the same process oc-
curred for (5) as for (4) and (6), one would expect this 
peak to lie at a lower TOF than the other two, as it has a 
substantially smaller final mass and is therefore turned 
around much more quickly in the reflecting portion of 
the mass spectrometer. In reality, it is observed between 
(4) and (6) (see Figure 5), which also suggests some en-
tirely different metastable process involved in the cre-
ation of this fragment. This ion is perhaps a product of 
some other ionic fragment, or perhaps it decays from a 
multiply-ionized parent. The latter seems likely as it ap-
pears to resolve into a triplet peak shortly before extinc-
tion, similar to the (1), (2), (3) triplet. Our experiment is 
capable of producing multiply-charged ions [23], and 
the existence of the prompt multiply-charged parent ion 
is shown in Figure 1. Mass calibration of the TOF data in 
Figure 1 results in m/z = 39.5 for this peak.
In order to make a statement about the KER distribu-
tion, consider first the kinetic energy distribution of ions 
that are created in the laser focus and do not decay. The 
kinetic energy of these ions is determined entirely (up 
to thermal effects) by where the ion was created in the 
focus. Ions at different positions in the focus experience 
the electric field of the acceleration region of the TOF for 
differing distances, creating some spread of kinetic en-
ergies. By measuring the extinction curve for the molec-
ular parent ion, one can obtain the kinetic energy distri-
bution of the ion, since the extinction curve statistically 
represents the continuous distribution function for ki-
netic energy. This kinetic energy distribution was found 
to have a 1/e2 width of about 10.1 eV. The total kinetic 
energy distributions of the six metastable peaks are de-
termined similarly, and the process and results are sum-
marized in Figure 6 and Table 1.
The fragments produced by metastable decay will re-
tain the kinetic energy distribution from their parent ion 
in the focus, but likely have some additional kinetic en-
ergy due to the exothermic bond breaking during de-
cay. As Table 1 shows, (1), (2), and (3) do indeed have 
Figure 5. Labeling schemes. (a) The labeling scheme for the 
peaks (1), (2), and (3); for this spectrum, V3  = 689 V, which is a 
potential just above the point at which these peaks start to dis-
appear. All three exhibit a broadening at the tail, likely indica-
tive of a kinetic energy release during dissociation. (b) and (c) 
Labeling scheme and decreasing voltage progression of (4), 
(5), and (6). Between (b) V3 = 504 and (c) V3 = 410 V, (4) and 
(6) disappear, while (5) is brought into focus and moves sub-
stantially to the right. The significantly different behavior of (5) 
suggests a different mode of origin, possibly from a doubly-
ionized parent.
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somewhat wider kinetic energy peaks than the molec-
ular parent. However, (4), (5), and (6) have noticeably 
smaller widths than the parent ion. This suggests that 
all three peaks and not just (5), as proposed earlier, de-
cay from some ion besides the singly-ionized parent. 
The widths for these precursor ions could be smaller 
than that of the molecular parent because the region of 
the laser focus in which light is intense enough to pro-
duce these ions (the interaction volume) can be smaller 
for fragments and multiply-ionized states than it is for 
singly-ionized pyridine. As a great number of frag-
ments and multiply-ionized states will require a higher 
laser intensity to be produced (and thus be limited to a 
smaller interaction volume), such a conclusion fails to 
isolate a single new candidate for the metastable parent.
This conclusion is reinforced by simulation, de-
tails of which can be found in the Supplementary Ma-
terial. In short, the simulation reconstructs the kinemat-
ics of an ion that dissociates in the drift region of the 
TOF chamber and records the total TOF for a large num-
ber of instances. The resulting histogram replicates the 
broad features observed. By simulating a decay of the 
molecular parent, heavy parent, or deprotonated parent 
ion into C3H n+ , as was assumed to be the process that 
led to (6) with the same potentials used in the experi-
ment, one comes up with a total TOF between 43 and 
46 μs, which does not match the 36.25 μs TOF observed 
in the experimental data. Clearly, this trio of metastable 
peaks, or at the very least (5) and (6), come from a differ-
ent parent ion than the singly-charged molecular parent.
Conclusion
Metastable ions are known not to be unique to pyri-
dine; in fact, the appearance of metastables in TOF mass 
spectra seems to be the norm rather than the excep-
tion in aromatic systems. This is evidenced by the num-
ber of aromatic molecules in which we have observed 
similar metastable features. As our data on the six ob-
served metastable states have shown, pyridine specifi-
cally presents a wealth of informative results on meta-
stable processes, some of which are uniquely accessible 
through femtosecond ionization. By deliberately detun-
ing the potentials applied to the reflecting meshes of a 
Figure 6. Taking the derivative of the ex-
perimentally-measured extinction curves 
(top) produces energy profiles (bottom) 
for each of the peaks. All of the extinc-
tion curves and kinetic energy distributions 
have been normalized.
Table 1. Extinction voltages for the six observed metastable peaks. From this and Equation 5, the mass ratio can be calculated. This mass ratio is 
used to claim dissociative pathways for each of the metastable peaks. These pathways are only taken as a hypothesis, and (4) and (6) are shown 
to not be the result of 79 → 39, 38 when one considers the KE distribution; (5) is speculative, and merely states that the peak could likely result from 
the doubly-charged molecular parent decaying into some C4Hn fragment (possibly multiply-charged as well). The kinetic energy distribution width 
for the metastable peaks is assumed to have a component due to kinetic energy release, so the width should be at least as wide as the parent
Peak  VE(V) mf/mi  Likely mf → mi (Da) Hypothesized dissociation scheme  KE dist. width (eV)
(1)  679.9 ± 0.719 0.669 80 → 53 C4H 5 
13 CN+ → C3H 4 
13 C+ + HCN  10.2
(2)  673.1 ± 0.793 0.662 79 → 52 C5H5N
+ → C4H 4 
+ + HCN  11.4
(3)  670.4 ± 0.311 0.660 78 → 51 C5H 4 
+  → C4H 3 
+ + HCN  14.2
(4)  492.9 ± 0.585 0.490 79 → 39 not identified  6
(5)  358.9 ± 0.773 0.357 79 → 52 C5H5N
++ → C4H n 
+(+)  + H(5-n)CN  7.5
(6)  488.7 ± 0.374 0.486 79 → 38 Not identified  7.1
Parent 1013 ± 1.11 N/A  N/A N/A 10.1
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reflectron TOF mass spectrometer, the specific frag-
mentation pathways of three metastable states of pyr-
idine can be determined explicitly. One of these meta-
stable states dominates in pyridine. The amount of 
information available by studying metastable dissocia-
tions in pyridine, coupled with the observed abundance 
of metastable states in similar molecules, suggests that 
many benzene-like systems may be good targets for fur-
ther investigation of metastable states.
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Modeling the Fragmentation Process: 
 In order to replicate the experimental results to a first order with calculation, no more 
than a basic understanding of the chemical process at hand is necessary. The function to describe 
the probability density that a parent ion will dissociate into some fragment at time t is 
  ( )  
 
 
      (S1) 
where τ is the     lifetime of the particular dissociative channel, and      is a normalization 
factor. For the purposes of this model, however, it is more instructive to have an expression for 
the probability that the dissociation will happen at a given distance. Since we assume that the ion 
breaks apart in the drift region, it is straightforward to relate the temporal lifetime τ to a “spatial 
lifetime”, which we will call δ. From the expression for drift velocity given in the main article, 
we know that     (
   
    
    )
 
 
  (approximately 0.05 m for a lifetime of 1 μs). From this it 
follows that the probability density for a molecule to break up at a distance   is 
  ( )  
 
 
      (S2) 
The simulation must generate a random number between 0 and   , the distance to the end of the 
first drift region of the time of flight (TOF), with the above probability density function (taking 
the origin in this case to be the acceptance slit). We use a Monte-Carlo approach to simulate this 
distribution numerically. A random number generator generates numbers r between 0 and 1 with 
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uniform probability density. We set this number equal to the probability that the parent has not 
decayed by a distance   : 
     ∫
 
 
  
 
 
  
 
         ⁄  (S3) 
This expression can now be solved for   , yielding 
          ( )  (S4) 
This will occasionally yield breakup distances outside of the field-free drift region (    ). 
This is however very unlikely, as in our setup,      m. With       ,    is larger than    
only when         ; these cases can be eliminated if ever encountered by the modeling 
program. It should be noted that, while the spatial lifetime does affect the spread in the time 
distribution at detection, it does not change the arrival time of the center of the peak. This 
derivation is therefore important only to compare the shape of the TOF distribution to the 
experimental data.  
 The second quantity that must be randomly generated is the kinetic energy release of the 
ionic fragment,   . Though the complex chemical dynamics of molecules lead to complicated 
energy release distributions [1-3], here we only need to consider the energy added to the 
daughter ion along the direction of the original trajectory. This allows us to define a new (post-
decay) velocity 
  ̃     (
   
  
)
 
 
   ( )  (S5) 
where   is the angle between the initial velocity and the velocity vector of the decay in the 
center-of-mass frame. We will take    to be a Gaussian distribution. A typical kinetic energy 
release (~1 eV) will be much smaller than 
 
 
    
  (~1 keV), so  ̃    . The third quantity to be 
randomly generated, the polar angle  , will be taken as a uniformly distributed random number 
between 0 and   radians. With these considerations, classical mechanics for charged particles 
moving in electrostatic fields gives the expression for the total TOF of the fragmenting ion: 
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      (S6) 
where the    is the length of the region in between grids 1 and 2 (the first deceleration region), 
and    is the length of the region in between grids 2 and 3 (the second deceleration region). The 
electrostatic potentials are numbered according to the grid to which they are applied, with the 
first grid grounded (    ). With the substitution that  ̃    , the equation above reduces 
nearly to the original, non-metastable case, with the only difference being that the trajectory 
between grids 1 and 3 (in the “electrostatic mirror”) is now influenced by the reduced mass of 
the fragment. This implies that the TOF of the fragments is largely determined by the change in 
mass. Furthermore, the decay distance    drops out of the equation in the limit  ̃    , making 
the breakup distance on the TOF of the metastable peak negligible. 
 However, it is not guaranteed that all fragment ions will reach the detector plate, which 
has a radius of 15 mm. In this context, the additional velocity in the perpendicular direction to 
the center-of-mass travel does become significant. We can define 
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as the post-decay TOF, and   as the radius of the multichannel plate. Then, the condition for the 
ion being detected is 
 (
   
  
)
 
 
   ( )         (S8) 
Any ion that travels more than distance   in the perpendicular direction must be excluded from 
the total ion count. This condition must be checked for each ion created, as the left-hand side 
depends on the randomly generated quantities   ,  , and   . As an example, for decays 
completely perpendicular to the path, the decay energy necessary to miss the detector is 
   
  
 
(
 
    
)
 
       for a 50 Da fragment with a 40 μs post-decay TOF, given   
      . This is within the range of kinetic energy releases in dissociations, so such an effect 
must be considered in the modeling procedure. 
 
Modeling the time of flight of metastables: 
mi  
(Da) 
mf   
(Da) 
center TOF 
(μs) 
V2, V3  
(volts) 
78 50 43.81 531, 689 
78 51 44.25 531, 689 
78 52 44.69 531, 689 
79 50 43.80 531, 689 
79 51 44.25 531, 689 
79 52 44.69 531, 689 
80 51 44.24 531, 689 
80 52 44.68 531, 689 
80 53 45.12 531, 689 
79 37 44.08 389, 504 
79 38 44.69 389, 504 
79 39 45.30 389, 504 
 
Table S1 Simulated average times of flight for various decays of parent to daughter ion. For the decays into mf = 50-53, V3 = 689 
V and V2 = 531V. For the decays into mf = 37-39, V3 = 504 V and V2 = 389 V. The simulation closely matches experiment for 
peaks (1)-(4), but is not close for (6). This suggests (4) and (6), which behave as a group, must come from some other decay 
 
 MATLAB code based upon the modeling ideas set forth above was used to simulate the 
TOF distribution for metastable dissociations for a given lifetime, mean kinetic energy release, 
initial mass, and final mass. In our calculations, the spectrometer potentials were set at        
V and        V, to simulate the experimental conditions. For these potentials, the 
experimentally measured TOFs are:  (1)-44.30 μs; (2)-43.88 μs; (3)-43.44 μs. Table S1 records 
several computational results for    78, 79, and 80 and    50, 51, 51, and 53. Although the 
errors in TOF allow us to only make qualitative comparisons, there still should be two peaks as 
satellite peaks to the main       feature (2), one at a larger TOF and one at a smaller TOF. 
Two likely candidates are              Da and              Da, as these both 
correspond to an HCN loss from the parent ion. These two metastable decays are allowed by the 
extinction curve measurements. 
 For (4) and (6), the same simulation was run with           and          to 
replicate the experimental data. For this dataset, the experimental TOFs are: (4)-44.41 μs; (6)-
36.25 μs. The simulated values, assuming the pyridine parent ion (and heavy parent) decays into 
a C3H3
+
 ionic fragment, are also included in Table S1. The simulated results, given our initial 
assumption, are not consistent with the experimental data for (6), lending yet more weight to the 
argument that these broad peaks (and likely (4) as well) do not arise from the metastable decay 
of the singly-ionized pyridine molecule. 
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MATLAB code used in modeling 
% TOF Mass Spectrometer Breakup Calculator 
% This program calculates the time of flight for molecules which break up in the drift region within the  
% TOF chamber, with a distribution chosen by the user. 
 
clear, clc 
 
% Declare initial values ******************************************************************************************** 
x0=0.001993;               % Distance from repeller voltage to slit 
dr=0.003;                % Distance from slit to mesh 1 
d1=1.000;                % Drift region length 
d2=0.1464;              % First deceleration region length 
d3=0.0616;               % Second deceleration and turnaround region length 
dMCP=0.346;              % Drift region to MCP 
Vr=1530;                 % Repeller voltage 
V1=0;                    % Voltage in mesh 1 
V2=389;                  % Voltage in mesh 2 
V3=504;                  % Voltage in mesh 3 
y=0.015;                 % Radius of the MCP plate (meters)  
% ********************************************************************************************************************* 
 
% User-specified parameters ************************************************************************************** 
Mi=79;                               % Initial mass of ion (in Da) 
Mf=52;                               % Altered mass after explosion (in Da) 
CenterTe=0.1;                        % Energy released in explosion (in eV) 
StDev=1;                             % Standard deviation, in CenterTe's, of energy release  
lft=5E-7;                            % lifetime (1/e) of the dissociation, in seconds 
 
centerTe=1.602*10^-19*(CenterTe);   % Energy released in explosion (in Joules) 
mi=1.6605*10^-27*(Mi);               % Initial mass of ion (in kg) 
mf=1.6605*10^-27*(Mf);               % Altered mass of ion after explosion (kg) 
q=1.602*10^-19*(1);                  % Initial charge of ion (Coulombs) 
 
size=100000;                         % number of data points to take 
% 
************************************************************************************************************************ 
 
% Compute the spatial rate parameter (1/spatial "lifetime") of the dissociation ******************************** 
slft=lft*sqrt((2*Vr*x0*q)/(mi*dr));  % computes the spatial lifetime, i.e. the 1/e distance the particle 
% travels past the slit, from velocity in drift region 
lambda=1/slft;                       % The spatial rate parameter 
% ********************************************************************************************************************* 
 
% This section calculated the time of flight for the i
th
 data point, using a distribution of breakup distances 
%and orientation of velocity after explosion  
%********************************************************************************************************************* 
TOFs = zeros(size,1);                        % initializes the array of TOF's; values will be added in the for  
 % loop 
TOFes = zeros(size,1);                  % the array of post-explosion TOF's 
des = zeros(size,1);                          % array of breakup distances 
thetas = zeros(size,1);                 % array of explosion angles 
Tes = zeros(size,1);                % array of kinetic energies 
 
for (i=1:size) 
 de=-1*slft*log(1-rand(1));                 %specifies the position that the molecule breaks apart 
 theta=randn(1)*pi;                       %Angle of exploding ions new path w.r.t original path 
 Te=abs(centerTe+StDev*centerTe*randn(1));    % random kinetic energy release, normal centered  
            % around centerTe with st. dev. = StDev * centerTe 
 va=0;                                                             %The initial velocity 
 TOFa = sqrt((2*mi*dr*x0)/(q*Vr));              %TOF in acceleration region 
     
 v1a = sqrt((2*Vr*x0*q)/(mi*dr));                 %Velocity of particle at the slit  
 TOF1a = de/v1a;                                          %TOF in drift region prior to breakup 
     
 v1b = sqrt((2*Vr*x0*q)/(mi*dr))+sqrt((2*Te)/(mf))*cos(theta);      
   %Velocity of the particle at the first mesh  
 TOF1b = (d1-de)/v1b;              %TOF in drift region after breakup 
     
 v2=sqrt(v1b^2-(2*q*V2)/(mf));              %Velocity of the particle at the second mesh 
 TOF2 = ((mf*d2)/(q*V2))*(v1b-v2);             %TOF in first decerleration region 
     
 v3 = 0;                                                         %Velocity at the third mesh/stopping point: always 0 
 TOF3 = v2*((mf*d3)/(q*(V3-V2)));             %TOF in second deceleration region 
     
 v4 = v1b;                                                       %Velocity at the start of the MCP drift region 
 TOF4 = dMCP/v1b;                           %TOF in MCP drift region 
     
 TOF = TOFa + TOF1a + TOF1b + 2*TOF2 + 2*TOF3 + TOF4; % Total time of flight 
 TOFe = TOF1b + 2*TOF2 + 2*TOF3 + TOF4;                            % Total time of flight after breakup 
     
 TOFs(i) = TOF;                              % concatenate the TOF onto the TOF array 
 TOFes(i) = TOFe;                        % concatenate TOFe value into TOFe array 
 des(i) = de;  % concatenate the explosion distance onto the des array 
 thetas(i) = theta;                         % concatenate explosion angle into the thetas array 
 Tes(i) = Te;                             % concatenate kinetic energy released into the Tes array 
 
end 
 
TOFs = real(TOFs);                   % takes the real part of each complex TOF 
TOFes = real(TOFes); 
% ********************************************************************************************************************* 
 
% ********************************************************************************************************************* 
% The next section calculates the maximum explosion angle for the ith data point (it depends on TOFe). If  
% the ith value of theta is greater than this, it sets the time of flight to zero in that spot. Otherwise, the  
% time of flight remains unchanged. It also sets the total TOF to zero if the breakup happens outside the  
% field-free drift region. 
 
outside=0;                                   % The number of times the angle is outside the acceptance range. 
 
for (i=1:size) 
    if sqrt((2*Tes(i))/mf)*sin(thetas(i))*TOFes(i) > y 
        TOFs(i)=0; 
        outside=outside + 1; 
    else 
        TOFs(i)=TOFs(i); 
    end 
     
    if des(i) > d1 
        TOFs(i)=0; 
        outside=outside+1; 
    else 
        TOFs(i)=TOFs(i); 
    end 
end 
% ********************************************************************************************************************* 
 
TOFs = 1E6.*TOFs;                   % Change the x-axis from seconds to microseconds 
 
figure 
hist(TOFs,100000) 
axis([0,10,0,1000]); 
 
 
 
